Airway mucus in cystic fibrosis (CF) is highly elastic, but the mechanism behind this pathology is unclear. We hypothesized that the biophysical properties of CF mucus are altered because of neutrophilic oxidative stress. Using confocal imaging, rheology, and biochemical measures of inflammation and oxidation, we found that CF airway mucus gels have a molecular architecture characterized by a core of mucin covered by a web of DNA and a rheological profile characterized by high elasticity that can be normalized by chemical reduction. We also found that high levels of reactive oxygen species in CF mucus correlated positively and significantly with high concentrations of the oxidized products of cysteine (disulfide cross-links). To directly determine whether oxidation can cross-link mucins to increase mucus elasticity, we exposed induced sputum from healthy subjects to oxidizing stimuli and found a marked and thiol-dependent increase in sputum elasticity. Targeting mucin disulfide cross-links using current thiol-amino structures such as N-acetylcysteine (NAC) requires high drug concentrations to have mucolytic effects. We therefore synthesized a thiol-carbohydrate structure (methyl 6-thio-6-deoxy-a-D-galactopyranoside) and found that it had stronger reducing activity than NAC and more potent and fast-acting mucolytic activity in CF sputum. Thus, oxidation arising from airway inflammation or environmental exposure contributes to pathologic mucus gel formation in the lung, which suggests that it can be targeted by thiol-modified carbohydrates.
INTRODUCTION
Mucin polymers are the principal gel-forming proteins in mucus in the healthy lung (1, 2) . The low elastic modulus (G′) of healthy airway mucus gels indicates a low density of mucin cross-links (3) . Lightly crosslinked mucus gels are easily transported by the mucociliary escalator, but pathologic mucus in lung disease is not easily transported and accumulates to cause airflow obstruction, atelectasis, and lung infection (4, 5) . Pathologic mucus is typically highly elastic and thought to occur as a downstream consequence of airway inflammation (4) . Current concepts for how airway inflammation and airway mucus pathology are linked emphasize changes in mucin or DNA concentration as a mechanism of increased mucus elasticity. There has been little emphasis on how these polymers interact in mucus or how they might be modified extracellularly to alter the elastic behavior of mucus.
It is well known that naturally occurring polymers can be modified by oxidation and cross-linking, but surprisingly, little attention has been paid to whether mucins may be modified in this way in lung diseases such as cystic fibrosis (CF). Mucins have cysteine-rich domains in their N and C termini that mediate polymer extension by end-to-end disulfide linkage of mucin monomers, but cysteine-rich regions are also abundant as internal domains (1, 6, 7) . These internal cysteine thiols may contribute to antioxidant effects of mucins, but we considered the possibility that oxidation could modify the biophysical properties of mucins by generating disulfide cross-links between internal cysteine domains. We reasoned that lightly cross-linked mucus gel in health may be maintained by the high levels of glutathione (GSH) and the low levels of oxidative stress in normal airway secretions (8, 9) . We further reasoned that high levels of oxidative stress in CF mucus (10) (11) (12) would increase the oxidative cross linkage of mucins through disulfide bonds, thereby forming highly cross-linked and elastic mucus gels.
RESULTS
CF airway mucus gels have a molecular architecture characterized by a core of mucin covered by a web of DNA We used confocal imaging to explore molecular architecture of DNA and mucin polymers in pathologic mucus gels in CF. Whereas mucins in induced sputum from healthy subjects form a discontinuous sheet of loosely networked polymers, mucins in sputum from CF patients form a continuous sheet of densely networked polymers that frequently form thick rope-like structures (Fig. 1A) . DNA polymers are not abundant in healthy airway mucus where DNA is mainly confined to cells, but DNA polymers are highly abundant in CF, where they form a web-like structure that takes its shape from the underlying mucin core (Fig. 1A and video S1). Three-dimensional (3D) rendering of mucus in CF highlights how mucins form a densely compacted core in CF mucus gels (Fig. 1 , B and C) and how DNA polymers create web-like structures that drape over the mucin core (Fig. 1, D to F, and video S2).
The high elasticity of CF sputum can be markedly decreased by a reducing agent Using rheology, we found that the elastic and viscous moduli of CF sputum were significantly higher than normal (Fig. 1, G and H) , a finding consistent with other studies (13) . The predominant rheological abnormality in CF sputum was a marked increase in its elastic response, indicative of increased cross-linking of the mucin polymers. The much smaller increase in viscous response argues against high mucin concentrations as the basis for the rheological signature. To determine the mechanism of mucus gel cross-linking in CF mucus, we measured the G′ of CF sputum before and after addition of N-acetylcysteine (NAC; a thiol-reducing agent) and recombinant human deoxyribonuclease (rhDNase). We found that both NAC and rhDNase decrease the G′ of CF sputum, but NAC is more effective than rhDNase at doses used clinically (Fig. 1, I and J).
CF sputum contains high concentrations of oxidized disulfide cross-links Neutrophil oxidants are prominent in CF airways (10) (11) (12) , and we considered that oxidative stress from neutrophilic inflammation could be the mechanism of excessive disulfide linkage of mucins in CF mucus. In detailed cellular and biochemical analyses of CF sputum, we confirmed marked neutrophilia and relative absence of eosinophilia ( Fig. 2A) , as well as high levels of myeloperoxidase (MPO) protein (Fig. 2B ) and MPO activity (Fig. 2C) . We also measured reactive oxygen species (ROS) in the sputum sol phase by incubating sputum with 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA), an oxidative stress indicator that is oxidized and rendered fluorescent in the presence of free radicals. We found that carboxy-H2DCFDA is readily converted to its oxidized form in CF sputum, indicating high levels of ROS (Fig. 2D ). These ROS most likely arose from the high levels of MPO present in the sputum. Indeed, in mass spectrometry (MS)-based analyses of the CF sputum, we found more posttranslational modification of protein tyrosine residues through reactive halogen species (for example, chlorotyrosine and bromotyrosine) and tyrosyl radical (dityrosine) (Fig. 2E ). This pattern of posttranslational oxidative modification in CF sputum is consistent with the activity of MPO, because MPO is the only known mammalian enzyme capable of generating reactive chlorinating species, and also with eosinophil peroxidase (EPO), these two enzymes uniquely contribute to the generation of brominating oxidants (14, 15) . However, EPO is not relevant here because eosinophil numbers were low or absent in the CF sputum ( Fig. 2A) . Moreover, activated human neutrophils are known to use MPO to generate protein oxidative crosslinks through tyrosyl radical-dependent pathways forming proteinbound dityrosine (16) . Therefore, the pattern of posttranslational oxidative modifications to the mucins that we describe is indicative of oxidative injury by the MPO-hydrogen peroxide system of activated neutrophils.
To determine whether the excess of ROS could convert cysteines in mucus to their oxidized disulfide products (cystines), we measured cysteine and cystine (disulfide bond) concentrations in CF sputum. Whereas cysteine concentration was not abnormal in CF (Fig. 2F) , disulfide bond concentration in CF sputum was markedly higher than normal (Fig. 2G) and correlated with the levels of ROS in the same samples (Fig. 2H) .
Oxidation increases the elasticity of healthy airway mucus To directly establish a relationship between oxidation and disulfidebonded mucin polymers, we exposed porcine gastric mucin (PGM) to dimethyl sulfoxide (DMSO). Gastric mucins in humans and pigs are encoded by MUC5AC and MUC6 genes (17, 18) , whereas airway mucins are encoded by MUC5AC and MUC5B genes (1). MUC5AC, MUC5B, and MUC6 all share sequence similarities and common macromolecular characteristics, and all have regions rich in cysteine residues (Cys domains) (7) . DMSO induces mild oxidation (19) (20) (21) , and we found that (I) Effects of treatment with mucolytics on G′ of induced sputum from 10 CF patients over a 4-hour test period. rhDNase (0.1 mg/ml) significantly reduced G′, but NAC (61 mM) had a larger effect (74 ± 10% reduction versus 34 ± 16%, P = 0.04). (J) Effects of treatment with mucolytics on the G″ of induced sputum from 10 patients with CF. rhDNase had little effect on G″, whereas NAC had a significant effect. The normalized ratio of elastic modulus refers to the posttreatment G′ divided by pretreatment G′. The effects of mucolytics on G′ and G″ are compared to normal saline. Scale bars, 20 mm (unless otherwise indicated). Data in (H) to (J) are means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
it promoted a large increase in the elastic modulus of PGM (Fig. 3A) with a much smaller effect on its viscous modulus (Fig. 3B) . By comparison, a fivefold increase in the concentration of PGM was required to similarly increase its elastic modulus (Fig. 3, A and B) . Thus, exposure of mucin to an oxidation stimulus causes the same change in elasticity as large increases in mucin concentration. To confirm the oxidation effect of DMSO in human airway mucus, we exposed induced sputum from healthy subjects to DMSO and found that sputum elasticity increased significantly. This effect was caused by disulfide bridge formation, because it was prevented by iodoacetamide (Fig. 3C ). These data indicate that oxidation of mucins generates disulfide bonds that alter the elasticity of mucus gels through mucin cross-linkage. Inflammation is not the only possible mechanism of oxidation of mucins in the lung. Inhaled oxidants such as ozone, cigarette smoke, and oxygen are another mechanism. The partial pressure of oxygen in air at sea level is 160 mmHg, but it is administered at partial pressures as high as 760 mmHg (100% oxygen at sea level) when used as a treatment for hypoxia. In these clinical situations, patients may experience poor mucus clearance and regional lung collapse (22) (23) (24) . The mechanism of these mucus-related complications of oxygen is unknown. To explore whether oxygen provides an oxidizing stimulus to increase the elasticity of airway mucus, we modified a rheometer to permit exposure of mucus to oxygen or nitrogen in a closed system that controls humidity, temperature, and gas concentration (Fig. 3E) . Using this system, we found that exposure of airway mucus to 100% oxygen gas caused an increase in the elastic modulus of induced sputum (Fig. 3F ). In contrast, exposure of sputum to nitrogen gas had no significant effect. These data, coupled with those for DMSO above, lead us to propose that oxidation can cause disulfides to form between terminal cysteines to extend mucins or between internal cysteines to cross-link them (Fig. 3G) .
A thiol-saccharide is a stronger reducing agent than N-acetylcysteine and has more potent mucolytic activity NAC is a reducing agent whose mucolytic efficacy is limited by relatively low potency, a "rotten egg" smell, and airway irritant effects (25, 26) . We therefore considered the possibility that thiol-modified carbohydrates ("thiol-saccharides") might be better reducing agents than NAC and candidates as novel mucolytic drugs. Carbohydrate scaffolds are polar, cheap, natural, and often crystalline, and offer easy access to analogs for structure-activity relationship (SAR) studies (27) . The abundance of hydroxyl groups and chiral centers on carbohydrate scaffolds allows many possibilities for the introduction of a thiol group. We specifically synthesized a galactose modified with a thiol in the 6-position [methyl 6-thio-6-deoxy-a-D-galactopyranoside (TDG)] (Fig. 4A) . To explore the potency of TDG as a reducing agent, we characterized its oxidation-reduction potential (ORP). ORP quantifies the tendency of a compound in solution to either gain or lose electrons to a new species. Specifically, the reduction potentials of aqueous solutions can be measured by quantifying the potential difference between an inert sensing electrode in contact with the solution and a stable reference electrode connected to the solution by a salt bridge. Compounds with lower (more negative) reduction potentials tend to reduce new species by donating electrons. We found that the ORP of TDG was more negative than NAC or the parent sugar for TDG [methyl a-D-galactopyranoside (MDG)] (Fig. 4B) . We next compared the relative effects of high concentrations (61 mM) of TDG, NAC, and MDG on the elastic properties of CF sputum over a 12-min test period. We found that TDG has much larger mucolytic effects than NAC at 2 min and similar effects at 12 min (Fig. 4, C and D) . The faster onset of action of TDG reflects its stronger reducing activity, and the similar effects of TDG and NAC at 12 min likely reflect the high doses of both compounds used in this experiment. Consistent with this interpretation, we found that a lower concentration of TDG (10 mM) had larger mucolytic effects than NAC in CF sputum at both 2 and 12 min (Fig. 4, E and F) .
To begin to assess the safety of TDG, we conducted exposure studies in mice. Specifically, we exposed mice intranasally to two concentrations of TDG or MDG daily for 5 days. Outcome measures of safety included body weight, renal function tests, measures of lung injury in bronchoalveolar lavage (BAL), and histologic appearance of tissue sections from formalin-fixed and paraffin-embedded lungs. Compared to MDG, TDG administration to the mice did not cause any discernible systemic or lung toxicity at either dose, as evidenced by significant differences from control in body weight, renal function tests, BAL cell counts or cell differential, BAL hemoglobin (Hb) concentration, or histologic appearance of lung sections from formalin-fixed and paraffinembedded lungs (Table 1) .
DISCUSSION
Despite the clinical importance of pathologic mucus gels in a wide range of lung diseases, the mechanism for why these abnormal gels form so frequently is not well understood. To date, research has focused almost exclusively on mechanisms of hypersecretion of mucin polymers from mucin-secreting cells in the airway. There has been little focus on qualitative changes in mucin cross-linking and the mechanism of such changes. Here, we uncover a link between the oxidative stress accompanying marked airway inflammation in CF and the highly elastic mucus that is a central clinical problem in this disease. We provide direct experimental evidence for this link by showing that oxidative stimuli (either a mild oxidizing chemical or oxygen at high partial pressure) can markedly increase the elasticity of airway mucus from healthy subjects. We propose that this occurs because mucin chains are extended Schematic showing a cone and plate rheometer modified to permit exposure of mucus to oxygen or nitrogen in a closed system that controls humidity, temperature, and gas concentration. (F) Exposure of induced sputum samples from healthy subjects (n = 5) to 100% oxygen caused a time-dependent significant increase in elastic modulus, whereas exposure to nitrogen gas has no significant effect. The AUC of G′ for oxygen was significantly larger than that for nitrogen (31804 ± 5507 versus 15391 ± 1539, P = 0.04). (G) Schematic representation for how healthy mucus can transition to pathologic mucus when oxidation promotes mucin chain extension through end-to-end disulfides and side-to-side cross-links of internal cysteines.
through end-to-end disulfides between terminal cysteines or are crosslinked through side-to-side disulfides between internal cysteines (Fig. 3G) .
Our imaging and rheology data show that pathologic mucus in CF comprises a dense core of mucins and an outer envelope of DNA polymers. 3D rendering of confocal images of the mucus gel allowed us to clearly show separation of structures formed by mucin and DNA biopolymers within the gel. Specifically, mucins form the central core of mucus, with DNA biopolymers taking their separate shape and structure from the core mucin structure. We provide several lines of evidence that the densely compacted core of mucins visible in the CF mucus gels reflects increased mucin disulfide cross-links. First, the mucus is susceptible to mucolysis with a reducing agent that breaks disulfide bonds. In addition, whereas the concentration of disulfide cross-links (oxidized cysteine product, cystine) is very low in healthy sputum, it is markedly increased in CF sputum and correlates with measures of ROS in the same samples. Because mucins are the abundant source of cysteines, we conclude that oxidation of mucins in CF sputum causes an increase of disulfide cross-links as a mechanism for its high elasticity. Notably, oxidation of PGM using DMSO caused the same increase in elasticity as large increases in mucin concentration, emphasizing the importance of qualitative changes in mucins for their biomechanical properties. Such qualitative changes are also relevant in human airway mucus, because DMSO increased the elasticity of induced sputum from healthy subjects. We could prove that this effect was caused by disulfide bond formation in the sputum, because it was prevented by a chemical (iodoacetamide) that caps free thiols to prevent them from forming disulfide bonds.
To extend our findings from endogenous oxidants associated with lung inflammation to oxidants that occur in inhaled air, we examined the effect of oxygen on airway mucus elasticity. The partial pressure of oxygen in air at sea level is 160 mmHg, but it is administered at partial pressures as high as 760 mmHg (100% oxygen at sea level) when used as a treatment for hypoxia. Notably, in these clinical situations, it has been observed that patients experience poor mucus clearance and regional lung collapse. The mechanism of these mucus-related complications of oxygen is unknown. Here, we show that induced sputum exposed to oxygen becomes more elastic and that this effect does not occur with exposure to nitrogen gas. These data suggest that breathing oxygen at elevated partial pressures could alter the biophysical properties of airway mucus. Our findings draw attention to the importance of qualitative changes in mucin polymers, and specifically to excessive disulfide linkage of these polymers, in increasing the elasticity of the mucus gel. Although mucins are normally protected from oxidation by high airway levels of GSH relative to the oxidative stress levels, our work suggest that perturbation of this redox balance in inflammatory lung diseases has adverse implications for optimal cross-linking density of mucins and optimal elasticity of the mucus gel. One caveat to this conclusion is that continued input of host-derived GSH in vivo could lessen the oxidizing effects of environmental oxidants that we observed in our ex vivo system. Recent studies in newborn CF piglets designed to explore the initiating mechanisms of decreased mucociliary transport (MCT) in the earliest phases of CF show that MCT is slowed after cholinergic stimulation and that CF submucosal glands secrete mucus that sometimes remains tethered to the gland ducts, hindering MCT (28) . This MCT defect is not attributable to periciliary liquid depletion, because it persists when the airway surface is submerged in saline. These findings link impaired MCT to loss of CF transmembrane conductance regulator (CFTR) anion transport and suggest that defective MCT is a primary abnormality not dependent on infection, inflammation, or remodeling. These data do not preclude that inflammatory events that occur later in childhood and into adulthood (including progressive infection and inflammation) can also alter mucus gel elasticity to further disrupt MCT. Our data in established adult CF deal with the mechanisms of mucus gel pathology that occur in adults with established disease and compliment the findings about initiating mechanisms in abnormalities of MCT in CF, rather than challenging them.
Our data provide a strong argument for targeting disulfide linkages as a rational mucolytic strategy for mucus-associated diseases of the lung. Although we have focused our studies here on CF, it is known that asthma and chronic obstructive pulmonary disease are also associated with high levels of oxidative stress (29) (30) (31) (32) and that these lung diseases are also associated with prominent airway mucus pathology. The occurrence of both oxidative stress and mucus pathology in multiple lung diseases suggests that reducing agents should be a broadly effective mucolytic strategy. NAC is a thiol-amino structure and reducing agent that is used clinically as a mucolytic therapy, but its clinical application is limited by multiple factors, including relatively low potency and requirement for high-dose delivery by nebulizer. In addition, it has a rotten egg smell and airway irritant effects (25, 26) . Analyses of the efficacy of NAC in lung disease have shown limited mucolytic efficacy attributable to mucolysis (33) (34) (35) including in CF (34), but it is important to note that nearly all of these clinical trials of NAC have used an oral formulation. For example, a recently published comparison of oral NAC versus placebo administered three times daily in patients with CF showed no significant effect on outcomes of airway inflammation and only modest effects on lung function (36) . Notably, the effects of NAC as a mucolytic was not assessed in this paper, and mucolysis would have been difficult to demonstrate because there is no penetration of orally administered NAC into airway secretions (37) . Mucolysis requires that thiol-based mucolytics be administered by the inhaled route.
NAC is an acetylated sulfur-containing amino acid (Fig. 4A) , and it has relatively weak reducing activity (38) that may reflect the intrinsic tendency of cysteine to retain electrons. Thus, targeting mucin disulfide cross-links using thiol-modified amino acid scaffolds is a limited strategy for achieving mucolytic effects. Because carbohydrate scaffolds have an abundance of hydroxyl groups for introduction of a thiol group, we considered the possibility that a thiol-carbohydrate structure might be a stronger reducing agent than NAC and might be more potent as a mucolytic. We synthesized a galactose structure modified with a thiol in the 6-position (TDG) and found that it has stronger reducing activity than NAC and more potent and fast-acting mucolytic activity in CF sputum. In addition, initial safety studies of TDG delivered to the airways of mice do not suggest any safety concerns, so that we propose thiol-modified carbohydrates as novel mucolytic treatments for mucus pathology in CF and other lung diseases characterized by oxidative stress and mucus pathology.
Together, our data should change current concepts for how airway inflammation and airway mucus pathology are linked. Mucin hypersecretion is currently viewed as the mechanism of increased mucus elasticity in inflammatory lung diseases, and this has driven treatment strategies that target the mucin hypersecretion pathway (39) . This treatment approach is challenging because down-regulating mucin-based airway defense systems is both difficult to do and subject to adverse consequences. Our data show that modification of mucin polymers by oxidation can markedly increase their elastic behavior, and they support a relatively simple mucolytic strategy using thiol-modified carbohydrates as a novel and better approach than current approaches that rely on thiol-modified amino acids.
MATERIALS AND METHODS

Study design
The purpose of this study was to investigate the mechanism of highly elastic airway mucus gels in CF with a view to developing a rationally designed mucolytic treatment. Sputum samples were collected from CF subjects and healthy control subjects and compared using rheology, confocal microscopy, and detailed cellular and biochemical analysis, including MS. For comparison of sputum elasticity and viscosity in health and CF, the sample size was based on preliminary data from our laboratory, which indicated that sputum from 15 subjects per group would provide >90% power to detect significant increases in both elasticity and viscosity. For comparison of other outcomes of sputum pathology, we made measures in sputum from at least five healthy and five CF donors. Ex vivo experiments on sputum involved treatment with oxidizing stimuli and mucolytic compounds, including a thiol-modified saccharide synthesized by regioselective 6-O-tosylation of MDG followed by acetylation and displacement of the 6-O-tosylate with thioacetate to ultimately yield TDG. In vivo evaluation of the safety of TDG was done in mice administered drug intranasally in two doses versus MDG control. The sample size for the studies in mice was chosen to provide a preliminary guide about toxicity.
Study participants
Subjects with CF who met the CF Foundation criteria for the diagnosis of CF were recruited from the UCSF (University of California, San Francisco) adult CF center. Nonsmoking adult subjects with no history of lung disease were recruited as healthy controls using community advertising. Clinical details about these subjects are provided in table S1.
Sputum induction
A description of methods of sputum induction and sputum processing is provided in the Supplementary Materials. Total and differential cell counts in sputum were measured using methods previously described (40) .
Rheology
Rheological measurements were made with AR2000 cone-and-plate rheometer (TA Instruments) using methods we have described previously (3). All airway mucus samples equilibrated to the testing temperature (4°C for all experiments except the humidified gas experiments in Fig. 3F and the comparison of mucolytics in Fig. 4 , which were done at 37°C on the Peltier plate). We first performed strain sweeps at an oscillatory frequency of 1 Hz, followed by frequency sweeps from 0.1 to 50 Hz at 1 to 5% strain. These strains correspond to angular displacements of 10 −3 to 10 −4 rads, well within the linear viscoelastic range for airway mucus. Testing samples within this range is crucial for probing the microstructure of the mucus gel at equilibrium to gently stress but not disrupt the gel cross-links and entanglements. Elastic (G′) and viscous (G″) moduli were calculated from the samples' measured response to the oscillating angular displacement. All the frequency sweep data were collected at a strain of 5% and between 0.4 and 4 Hz. All summary data were from frequency sweeps performed at a strain of 5% at an angular frequency of 1 Hz (6.28 rads/s). All data from the time sweep data were collected at a strain of 5% at an angular frequency of 1 Hz during the time course. Normalized ratio was calculated by dividing the posttreatment measurement of G′/G″ by the pretreatment measurement of G′/G″. Percentage of baseline was calculated by comparing the current measurement to the initial baseline measurement at time 0.
Mucolytic treatments on sputum
In Fig. 1 (I and J) , the effects of NAC and rhDNase on the G′/G″ of sputum from CF patients (compared with normal saline) were determined by treating whole sputum with 10% of the mucolytic by volume at 4°C and then incubating at 37°C for 4 hours. The measurements were made at the baseline and after the treatment/incubation. The chosen dose of NAC and rhDNase reflects those used clinically [NAC (100 mg/ml; Hospira) and rhDNase (1 mg/ml; Genentech)]. In Fig. 4 (C to F) , the effects of the mucolytics on the G′ of sputum from CF patients were also determined by treating the whole sputum with 10% of the mucolytic by volume and monitored on the rheometer at 37°C for 12 min with humidified nitrogen protection. The measurements were made at the baseline and every 2 min after the treatment. The final concentration of 61 mM was chosen to match the clinically used NAC dose [10% (v/v) of 100 mg/ml].
Immunofluorescence Details of sputum processing for imaging studies are described in the Supplementary Materials. Sputum slides were briefly rehydrated in water. Antigen retrieval was first performed in a warm citrate buffer for 5 min, followed by immersion in a glycine solution for further epitope retrieval for an additional 10 min. Sputum slides were blocked in a 10% normal goat serum (JR Scientific) and 2% immunoglobulin G (IgG)-free bovine serum albumin (BSA) (Sigma-Aldrich) solution for 1 hour at room temperature. Slides were incubated in a cocktail of MUC5AC/5B mouse anti-human IgG1 antibodies (table S2) at a final concentration of 0.5 mg/ml overnight at 4°C. After a series of brief washes, slides were incubated in a 2% IgG-free BSA solution with secondary antibody goat anti-mouse Cy3-conjugated F(ab′) 2 fragments (Jackson ImmunoResearch) at a final concentration of 1.5 mg/ml and DNA stain YO-PRO-1 Iodide (Life Technologies) at a final concentration of 2 mM for 1 hour at room temperature. After a series of brief washes, slides were mounted with Fluoromount-G (SouthernBiotech), coverslipped, sealed with nail polish, and left to dry before imaging. Slides were imaged using an Olympus FluoView FV10i laser scanning confocal microscope. Z-stack images were collected at 0.75-mm intervals at 1024 x 1024 pixels using a 60x phase-contrast oil immersion objective numerical aperture 1.35 and 473-nm (12.5 mW)/559-nm lasers using a variable barrier filter mechanism to set the fluorescence channels to the appropriate detection wavelengths for fluorophores used. A 3D rendering of the confocal image was generated by the FluoView Navigator software. Additional processing of the image was performed in Imaris 7.6.0 (Bitplane) to reconstruct the 3D volumes and molecular architecture of both mucins and DNA in the sputum.
Measurement of ROS in sputum
Five healthy and five CF airway mucus samples were ultracentrifuged at 32,000 rpm at 4°C for 1 hour to separate sol phase and gel phase. The sol phase was collected and incubated with 10% (v/v) of the treatment [PBS for healthy and CF control, catalase (100 U/ml), 1 N HCl] at 37°C for 30 min. The samples were then incubated with 1 mM carboxy-H2DCFDA (Life Technologies) and esterase (10 U/ml) (Sigma-Aldrich) at 37°C for 15 min. Serial dilutions of 10 mM hydrogen peroxide (SigmaAldrich) in PBS were used as standards. The plate was read at 495-nm excitation/527-nm emission. A standard curve was plotted from the average relative fluorescence unit (RFU) representing the concentrations of the standards. The concentrations of ROS in samples were calculated against the standard curve. Stock solutions of hydrogen peroxide were calibrated by measuring the absorbance at 240 nm. Dividing this absorbance by 43.6 gives the stock concentration in molar units.
Measurement of MPO
MPO protein concentrations of sputum were measured by MPO DuoSet ELISA (R&D Systems). MPO activity was measured by using the NWLSS Myeloperoxidase Activity Assay (Northwest Life Sciences Specialties).
Measurement of total cysteines and cystines in sputum
Five healthy and five CF airway mucus samples were ultracentrifuged at 32,000 rpm at 4°C for 1 hour to separate sol phase and gel phase. The gel phase from the ultracentrifugation process was resuspended in 8 M guanidine-HCl (Sigma-Aldrich) to 10 times the original mucus volume. To measure cross-linked cysteine, the samples were pretreated with 10% (v/v) 500 mM iodoacetamide solution for 1 hour at room temperature. The samples were then incubated with 10% (v/v) of 1 M DTT (SigmaAldrich) at 37°C for 2 hours to quench the excessive iodoacetamide and reduce all the preexisting disulfide bonds. 7K MWCO Zeba desalting columns (Thermo Scientific) were used to remove all the small molecules, including quenched iodoacetamide, DTT, and GSH. To measure total accessible cysteine, the same samples were incubated with 10% (v/v) of 1 M DTT at 37°C for 2 hours to reduce all the disulfide bonds. 7K MWCO Zeba desalting columns were used to remove the DTT and any GSH. Samples were buffer-exchanged into 50 mM tris-HCl (pH 8.0) at the same time. Serial dilutions of standard from 5 mM L-cysteine (Sigma-Aldrich) were made in 50 mM tris-HCl (pH 8.0). One hundred microliters of samples and standards was put into black MaxiSorp microplate (Thermo Scientific). mBBr (2 mM) (Life Technologies) was diluted in 100 ml of the same buffer and added into samples and standards for a final concentration of 1 mM. After 15-min incubation at room temperature, the plate was read at 395-nm excitation/490-nm emission on a Synergy H1 Multi-Mode Microplate Reader (BioTek). A standard curve was plotted from the average RFU representing the concentrations of the standards. The thiol (cysteine) concentrations of samples were calculated against the standard curve. The concentration of total accessible cysteine and cystine (disulfide cross-linked cysteines) was calculated.
Mass spectrometry
For profiling of oxidized protein products in ultracentrifuged sputum samples (not treated with DTT), the methods were previously described (41) . The content of protein-bound 3-nitrotyrosine, 3-chlorotyrosine, 3-bromotyrosine, and o,o′-dityrosine was determined by stable isotope dilution liquid chromatography-MS/MS analyses as previously described (42 9 ,15 N] tyrosine were added to samples and used as internal standards for quantification of 3-chlorotyrosine, 3-bromotyrosine, 3-nitrotyrosine, o,o′-dityrosine, and tyrosine, respectively. Simultaneous monitoring for the potential formation of artifactual 3-chlorotyrosine, 3-bromotyrosine, 3-nitrotyrosine, or o,o′-dityrosine (detected as corresponding [13C 9 ,15 N] isotopologues) during sample preparation showed no detectable intrapreparative chlorination, bromination, nitration, or dityrosine cross-linking under the assay conditions used. MS studies were performed using a triple quadrupole API 5000 mass spectrometer (AB SCIEX) interfaced to an Aria LX Series HPLC (Cohesive Technologies).
Synthesis of TDG Regioselective 6-O-tosylation of MDG followed by acetylation and displacement of the 6-O-tosylate with thioacetate gave a 6-SAc intermediate, which was deacetylated using sodium methoxide to yield TDG (for full experimental details, see Supplementary Materials and Methods).
Oxidation-reduction potential ORP was measured using an S400 Seven Excellence meter with an InLab Redox Pro electrode (Mettler Toledo). NAC (Sigma-Aldrich), TDG, and MDG were dissolved in ultrapure distilled water (Life Technologies) at the concentration of 10 mM.
In vivo toxicology studies in mice Fifteen 7-week-old C57BL/6 mice were purchased directly from The Jackson Laboratory. TDG was administered intranasally in two doses to separate groups of mice (n = 5 each). Dose #1 was based on the equivalent dose that would be delivered to humans as a 10 mM dose in 2.5 ml of nebulizer volume (adjusted for mouse/human differences in body weight, this equates to 5 mg in 30-ml volume). Dose #2 (high dose) was based on the same concentration that would be delivered to humans (63 mg in 30 ml) without correction for human/mouse body weight differences. Control mice (n = 5) were treated with a single dose of parent sugar compound (MDG)-5 mg in 30 ml of saline. Body weights were recorded on days 1, 5, and 8. On day 8, BAL was performed with 1 ml of ice-cold PBS + 2% fetal bovine serum. BAL (10 ml) was used to measure the Hb concentration using a Plasma/Low Hb Photometer (HemoCue AB). Fifty microliters was used to generate data for total and differential cell count. Mice were euthanized on day 8, and whole lung was fixed in 10% formalin and subsequently embedded into paraffin, sectioned, and stained using hematoxylin and eosin stain. Sera were obtained from blood collected by cardiac puncture from MDGand TDG-treated mice and tested for renal function outcomes at the San Francisco General Hospital Clinical Laboratory. Animal experiments followed protocols approved by the UCSF Institutional Animal Care and Use Committee.
Statistics
Methods used for statistical analysis are detailed in the Supplementary Materials.
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